We propose a novel type of plasmonic lasing nanostructure consisting of a metallic shell and a gain core. We demonstrate numerically that highly localized void modes of such metallodielectric core-shell nanoparticles have a very high quality factor. We found that the dipole void mode has a lasing threshold as low as 128 cm −1 at 800 nm as a result of the unique mode distribution within the shell, due to a maximum field enhancement around the void center. The lasing condition for a symmetry-reduced silver nanocup is also investigated and the low plasmonic lasing threshold is sustained provided that the opening angle of the nanocup is smaller than 10°. Our proposal presents a new path toward plasmonic lasers with low gain threshold. © 2012 Optical Society of America OCIS codes: 240.6680, 290.5850, 140.3410, 140.5560. As one of the important components for constructing a photonic circuit with a high-integration level, ultrasmall laser light sources with relative low pump threshold and single-mode output have been steadily expected [1] . It has been shown that coherent single-mode surface plasmons (SPs) could be accumulated in large number and finally undergo a stimulated emission [2, 3] . Since SP modes on metal nanostructures can manipulate light beyond the diffraction limit and confine the electromagnetic energy to volumes much smaller than is possible in purely dielectric systems [2, 3] , many research efforts have been paid to shrink the physical (modal) laser size toward subwavelength and decrease the lasing threshold by using plasmonic structures assisted by an optical-gain medium. In this process, various plasmonic structures have been proposed [4] [5] [6] [7] and demonstrated [8] [9] [10] [11] [12] as promising candidates toward ultrasmall lasers. In order to realize a plasmon stimulated emission, electromagnetic energy offered by a gain medium is required to compensate for radiation and metallic losses [13, 14] , and a plasmonic structure with lower radiation and metallic loss will lead to a smaller gain threshold. Strong radiation loss usually exists in an open plasmonic structure but can be neglected in a closed one [13] . In contrast, metallic loss is ubiquitous in most plasmonic structures due to the electric field enhancement at metal surfaces [3, 4, 6, 10] . As a consequence, considerable metallic loss makes SP lasing at room temperature a critical challenge. One of the methods to reduce the metallic loss and thus improve the gain capability is to cool plasmonic lasing structures down to cryogenic temperatures [8, 9, 11] . So far, however, few structures have yet been demonstrated to realize lasing at room temperature [12, 14] . So it is extremely important to develop new strategies to design plasmonic lasers, which can effectively reduce the gain threshold.
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As one of the important components for constructing a photonic circuit with a high-integration level, ultrasmall laser light sources with relative low pump threshold and single-mode output have been steadily expected [1] . It has been shown that coherent single-mode surface plasmons (SPs) could be accumulated in large number and finally undergo a stimulated emission [2, 3] . Since SP modes on metal nanostructures can manipulate light beyond the diffraction limit and confine the electromagnetic energy to volumes much smaller than is possible in purely dielectric systems [2, 3] , many research efforts have been paid to shrink the physical (modal) laser size toward subwavelength and decrease the lasing threshold by using plasmonic structures assisted by an optical-gain medium. In this process, various plasmonic structures have been proposed [4] [5] [6] [7] and demonstrated [8] [9] [10] [11] [12] as promising candidates toward ultrasmall lasers. In order to realize a plasmon stimulated emission, electromagnetic energy offered by a gain medium is required to compensate for radiation and metallic losses [13, 14] , and a plasmonic structure with lower radiation and metallic loss will lead to a smaller gain threshold. Strong radiation loss usually exists in an open plasmonic structure but can be neglected in a closed one [13] . In contrast, metallic loss is ubiquitous in most plasmonic structures due to the electric field enhancement at metal surfaces [3, 4, 6, 10] . As a consequence, considerable metallic loss makes SP lasing at room temperature a critical challenge. One of the methods to reduce the metallic loss and thus improve the gain capability is to cool plasmonic lasing structures down to cryogenic temperatures [8, 9, 11] . So far, however, few structures have yet been demonstrated to realize lasing at room temperature [12, 14] . So it is extremely important to develop new strategies to design plasmonic lasers, which can effectively reduce the gain threshold.
In this Letter we propose a new type of subwavelength plasmonic laser by introducing a single metallic nanoshell around a dielectric gain core. Instead of exploiting the localized SP modes on the surface of a solid metallic nanosphere [10] , the void SP modes in metallic nanoshells are exploited here in our study as an attractive lasing mode. We first demonstrate that the void modes in a metallic nanoshell could possess a much higher quality factor than the previously reported plasmonic structures [4] [5] [6] [7] [8] [9] [10] [11] . The underlying physics is that the void modes are well concentrated within the cavity with a maximum electric field enhancement located at the center of the cavity, especially for the lowest order void mode [15] [16] [17] [18] , which will make the metallic loss much reduced as we will show below. We calculated the lasing condition of a dipole void mode confined in a silver nanoshell and found a gain threshold as low as α th 128 cm −1 at a wavelength of 800 nm, which shows the metallic nanoshell could be much superior as compared with other plasmonic lasing structures [4] [5] [6] [7] [8] [9] [10] [11] . We expect that the metallic nanoshells could be exploited as a promising path toward a subwavelength coherent light source that could operate at room temperature.
Our plasmonic laser structure, shown in the inset of Fig. 1(a) , has inner and outer radii denoted by r and R, respectively, which are chosen as r 200 nm and R 250 nm as a first example. The complex permittivities of the gain material and the metal are described as ε g ε g ε 0 g iε 00 g and ε m ε m ε 0 m iε 00 m , respectively. In our calculations using COMSOL Multiphysics, the real part of the permittivity of the gain material ε 0 g is 2.25 and the complex ε m of silver is taken from experimental data [19] . A perfect matched layer boundary is used around the calculation domain to minimize unexpected effect of redundant scattered waves [20] .
Here the absorption coefficient Q abs is obtained by integrating the time-averaged energy stored within the whole nanoshell structure [20] . Let us first consider a metal nanoshell without any gain effect in the core, i.e., ε 00 g 0. The calculated absorption spectrum is shown in Fig. 1(a) , from which two sharp resonant peaks centered at 800.4 and 596.7 nm can be observed. Those absorption peaks are attributed to the excitation of the TM V 1 and TM V 2 void modes of the silver nanoshell, respectively [15, 18, 21] . From the insets of Fig. 1(a) , it is seen that considerable electric field enhancement for each mode is built within the nanoshell. It is interesting that the quality factor Q for this specific silver nanoshell is evaluated to be 387 for the TM V 1 mode and 162 for the TM V 2 mode. To the best of our knowledge, here the TM V 1 mode is predicted to have the highest Q factor among the above mentioned plasmonic structures [4, 6, 10] .
Considering the relatively high quality factors of the metal nanoshell, a reduced gain threshold for the lasing process of the void modes can be expected. To find out the gain threshold, we calculate the absorption efficiency for the nanoshell with different gain coefficient αα 2π∕λImε
1∕2 , which is shown in Fig. 1(b) . It is seen that the calculated Q abs for void modes of the metal nanoshell with a gain core shows nearly exponential decrease upon the increase of α and finally vanishes at a critical value, i.e., the gain threshold. This zero absorption means that metal loss is totally compensated by the gain in the core material. In this way, the gain coefficient threshold values α th for the TM The TM V 2 mode has a relatively higher threshold value as compared with the TM V 1 mode. This is because the TM V 2 mode has a larger portion of the enhanced field bounded in the vicinity of the inner wall surface, whereas the field of the TM V 1 mode is distributed around the center of the shell with a minimal field distribution along the inner wall surface, which means that the loss due to field penetration into metal shell wall can be much reduced for the TM V 1 mode. It is very interesting that the gain threshold for the TM V 1 mode (α th 128 cm −1 ) is much smaller than that of the recently reported plasmonic lasing structures [4] [5] [6] [7] [8] [9] [10] [11] . In the following discussions, we will focus on the properties of the TM V 1 mode. It is intriguing that, for a given void size, there is an optimal metal shell thickness for which a minimal gain threshold is obtained. Figure 2(a) shows the dependence of the gain threshold values on the shell thickness for three different void sizes. It is seen that in each case, the gain threshold first shows a rapid decrease as the metal wall thickness is increased from 20 nm. After reaching a minimum when the shell thickness is about 60 nm, the threshold increases upon further thickening the shell wall. This nonmonotonic dependence is reasonable because, for a very thin silver shell, a strong coupling occurs between the void mode and the sphere mode [18] . Such a coupling could lead to a considerable enhancement of the electric field within the metal layer and, therefore, in these cases, metallic losses could be very high, requiring a higher gain threshold. As the shell wall becomes thicker, this coupling decays exponentially. Therefore, the field penetrating into the metal decreases, and the gain threshold will also decrease further until a minimal value of threshold is reached. When the shell thickness is further increased beyond the penetration depth, the void modes become quite difficult to excite, sphere modes become dominate in the scattering spectrum, and an increased gain threshold value for the void mode is expected again.
The calculated threshold value of the gain also depends on the void size. Figure 2 (a) also shows that at a fixed shell thickness, smaller nanoshells require larger gain threshold. This is understandable by considering the fact that the TM V 1 resonant wavelength is determined by the cavity sizes [15, 16] , which is shown in Fig. 2(b) . Smaller cavity with its void modes at shorter resonant wavelength has longer penetration depth into metal, indicating larger metallic losses to be compensated by gain. Therefore, for a fixed shell thickness, larger inner radius means a higher percentage of the gain core in the shell structure, offering more energy to compensate the loss in the metallic shell.
In experiment studies, it could be more feasible to fabricate robust symmetry-broken metal nanoshells with an opening [22, 23] . We thus continue to study the lasing conditions for symmetry-reduced nanoshells with an void mode of silver nanocups with different opening angles. All these nanocups have a fixed outer and inner cavity radius (R 250 nm, r 200 nm). It is seen that, initially, the absorption spectrum shape is nearly invariant when the opening angle is smaller than 10°. However, the bandwidth of the absorption efficiency begins to broaden rapidly as θ is larger than 10°. Figure 3 (b) presents the calculated gain threshold of the silver nanocup with different opening angles . It is seen that the gain threshold is almost invariant for those silver nanocups with θ < 10°. This is because for metal nanocups with a very small window, the introduced perturbation to the TM V 1 mode field distribution is negligible. This is confirmed by the calculated field distribution in the inset of Fig. 3(b) , from which it is seen that, for a nanocup with θ 40°, the TM V 1 mode is nearly identical to that of a closed nanoshell. When θ was increased beyond 10°, however, we found that the gain threshold for the nanoshells increases dramatically. The rapid increase of the gain threshold for silver nanocups with larger openings is attributed to the failure of sustaining a well-confined void mode any longer. One of the insets in Fig. 3(b) plots the electric field distribution of a weak resonant void mode supported by a silver nanocup with θ 40°, for which the enhanced field within the gain region is evidently weakened and overspreads along the opening.
In conclusion, we have proposed a silver nanoshell as a new prototype of plasmonic lasing structure. Numerical calculations demonstrate that, by taking account of compensating metallic losses, a preponderant low gain threshold is obtained for lasing process. Meanwhile, the effect of reduced symmetry on plasmonic lasing by introducing opening to nanoshell is also investigated. We hope that our proposal could offer experimental opportunities towards subwavelength plasmonic lasing under room temperature condition. 
